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Abstract The Hamilton and Zuk hypothesis on haemopar-
asite-mediated sexual selection and certain studies of fitness
are based on the assumption that blood parasite infections
are detrimental to their hosts. However, there are few
reports that have demonstrated harmful effects of endemic
blood parasites on fitness in wild populations, and it has
even been suggested that they may be non-pathogenic. In
this paper, we show that individuals of the Australian
sleepy lizard (Tiliqua rugosa) have smaller home ranges
when they are infected with the haemogregarine blood
parasite Hemolivia mariae than when no infection can be
detected. An apparently contradictory result was that lizards
with larger home ranges were more susceptible to infection
under experimental exposure to Hemolivia. We propose that
lizards sacrifice defence against pathogens by increased
activity, perhaps associated with maintaining home ranges
and mating opportunities. As a consequence, they gain
higher parasite loads, which in turn inhibit their activity. In
this case, the parasite–host interaction may act as a buffer of
lizard activity.
Introduction
Theory suggests that host–parasite interactions are respon-
sible for substantial genetic variation within host popula-
tions (Anderson and May 1982), and for the evolution and
maintenance of sexual reproduction and certain sexually
selected traits (Hamilton and Zuk 1982; Andersson 1994).
Although these arguments are based on the premise that
parasites reduce the fitness of their hosts (Combes 1997;
Goater and Holmes 1997), the effects of parasites on hosts
remain controversial. Without knowledge of the effects of a
specific parasite on a host species, it is impossible to
evaluate the importance of the parasite as an evolutionary
force (Price 1980). Parasites can adversely affect host
fitness, but the extent of these effects is known to differ
depending on the conditions.
This study focuses on the impact of endemic parasites on
an Australian lizard. Parasites can induce mortality in
lizards in laboratory conditions (Schall 1983, 1986, 1996),
but this is rarely reported in studies of natural host–parasite
interactions. More commonly, lizards show fitness-related
effects of parasites, such as poorer body condition (Sorci
and Clobert 1995; Merino et al. 2000) or slower running
speed (Oppliger et al. 1996). Parasites can cause lizards to
move shorter distances (Main and Bull 2000), occupy
smaller home ranges (Main and Bull 2000) or have reduced
social status where infected males display fewer courtships
and less territorial behaviour than uninfected males (Dunlap
and Schall 1995). In these cases, activity and courtship
displays could honestly indicate the ability of an individual
to cope with parasites. However, in many host–parasite
interactions, including those involving lizards, it remains to
be established what costs are associated with increased
infection. Parasites might evolve to reduce their impact
because they rely on host availability. Also, the impact of
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parasites may be spatially dependent. Habitats that are
favourable for hosts may maintain higher parasite intensi-
ties because host availability is higher. In these habitats, the
host may be able to meet the cost of being parasitized by
gaining access to more favourable resources (Bull and
Burzacott 1993; Weatherhead et al. 1995).
Infection dynamics of virulent endoparasite species have
been most studied in parasite species that impact human
health or have economical consequences (Anderson and
May 1991; Scott and Smith 1994). We could gain more
understanding about the impact of these parasites on host
fitness and their natural dynamics by studying populations
that are host to less virulent parasites. In this study, we
investigated the effect of the haemogregarine blood parasite
Hemolivia mariae on the home range and behaviour of the
Australian sleepy lizard, Tiliqua rugosa. We also examined
whether individual traits, including condition and activity
of the host lizards, incur secondary costs, such as
heightened susceptibility to blood parasite infection.
The sleepy lizard is a large, mainly herbivorous lizard of
the family Scincidae. Adults can grow to more than 28 cm
snout–vent length and can probably live up to 50 years (Bull
1995). They retain stable home ranges over many years,
with male and female lizards occupying similar home range
areas (Bull and Freake 1999). Each spring, male and female
lizards form monogamous associations for 6–8 weeks
before mating in early November, with partners spending
much of their time, during spring, within 30 cm of each
other (Bull 1988). The pairing intensity, estimated as the
proportion of days during spring that the pair is detected
together, varies among pairs, with low pairing intensity
usually associated with reduced reproductive success in that
season (Bull et al. 1998). In the semi-arid region near Mt.
Mary, South Australia, these sleepy lizards are naturally
infested with two tick species, Aponomma hydrosauri and
Amblyomma limbatum (Bull and Burzacott 1993, 2001).
The blood parasite H. mariae (Smallridge and Paperna
1997) is a haemogregarine with an indirect life cycle
involving either A. hydrosauri or A. limbatum as inverte-
brate hosts and the sleepy lizard as the vertebrate host.
Lizards become infected by ingestion of infected ticks, and
ticks become infected by feeding on infected lizards
(Smallridge and Bull 1999).
In this study, we investigated the impact of H. mariae
infection on fitness of the sleepy lizard under natural
environmental conditions. We compared the home range
areas of lizards with and without H. mariae infection,
predicting smaller home ranges in infected lizards if the
parasite reduced lizard activity. Also, we experimentally
exposed uninfected lizards to H. mariae and compared
body size, pairing status and home range of lizards with
lower and higher susceptibility to H. mariae infection. We
predicted that both large body size and larger home ranges
may require more energy to sustain and perhaps result in




The study was conducted over the spring and early summer,
the period when sleepy lizards show most of their activity
(Bull et al. 1991), of two years (17 August–15 December
1999 and 28 August–25 December 2000). The study site
(33°55′S, 139°15′E) was in semi-arid chenopod shrubland
near Mt. Mary, South Australia where H. mariae is found to
infect sleepy lizard red blood cells.
Observations of lizards
We observed 29 adult lizards (15 males and 14 females) in
1999, and another 56 (29 males and 27 females) in 2000.
Observations involved different lizards in each year. Small
(5 g) Sirtrak radio transmitters were attached to the lizard
tails with waterproof surgical tape. Each lizard was located
on 4–5 days each week over the study period, and its
position was recorded using a global positioning system
(GPS).
Each week for each lizard, we measured body mass
(±5 g) with a 1-kg spring balance and the number of
attached ticks (tick load). We calculated an average tick
load for each lizard in each year. We also determined
pairing status (paired or unpaired). An adult was considered
paired if it was found at least once in the spring period
within 30 cm of an adult of the opposite sex (Bull 1988;
Bull et al. 1998). A blood sample, taken from a toenail
clipping of each individual each week, was smeared onto a
microscope slide and air-dried in the field. In the laboratory,
the smears were fixed in absolute methanol for 5 min and
then stained in Giemsa (diluted 1:7 in phosphate buffer,
pH 7) for 15 min. Approximately 104 erythrocytes (100
fields of about 100 erythrocytes) were examined at a
magnification of ×1,000 to detect the presence of intra-
erythrocytic gamonts of H. mariae. The intensity of
infection was estimated as the number of gamonts per 104
erythrocytes, and average values were calculated for each
infected lizard each year.
For each lizard in 1999 and 2000, home ranges were
calculated from the GPS coordinates of locations as 100%
minimum convex polygon area (ha) using Biotas 1.02b
(Windows: Ecological Software Solutions). All data were
analysed for normality. Data for home range area and tick
load were not normally distributed and were square root-
transformed. Proportions were arcsine-transformed.
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Factors associated with home range area
We used general linear models to test the effects of multiple
independent variables on home range area for these 85
lizards. As predictors for home range area, we used H.
mariae infection (infected vs uninfected), average tick load,
pairing status (paired or unpaired), year, sex and average
body mass. Potential explanatory terms and two-way
interactions were fitted using the stepwise backward
removal of non-significant terms. Pairing status and H.
mariae infection were entered as fixed factors, and other
factors were entered as variates. All variable factors and
two-way interactions were added to the model, but because
no two-way interactions were significant, they are not
presented.
We also used correlation analysis to determine the
relationship between home range area and infection
intensity for the ten naturally infected lizards in 2000.
There were too few infected lizards to test this relationship
in 1999. Statistical analyses were performed using Statis-
tical Package for the Social Sciences (SPSS) version 12.0.1
(SPSS 2001). Means were expressed with standard errors,
two-tailed probability tests were used, and null hypotheses
were rejected at P<0.05.
Susceptibility to infection
We investigated if home range area or body mass was
associated with susceptibility to infection after exposure.
We considered absolute home range area to be an indirect
measure of activity because more active lizards might have
a wider sally zone outside of the core refuge area of their
home ranges (Kerr and Bull 2006a). Our prediction, that
both large body size and larger home ranges result in higher
susceptibility to infection when exposed to the parasite, was
tested with a group of 19 different lizards initially free of H.
mariae (14 males and 5 females) that were experimentally
fed with infected ticks. From 20 to 24 September 1999,
each of the lizards was fed with the dissected remains of an
infected adult A. limbatum tick (infected from previous
blood meals; Smallridge and Bull 2001). The infection
status of each tick was confirmed by examination of a
smear from the anterior part of the tick gut. The subsequent
infection status of these lizards and their home range areas
were determined as described above. Home range areas
were estimated only from the first 5 weeks after the
experimental feeding, the period before most infections
entered the lizard blood cells (Smallridge and Bull 1999).
Thus, these results were not directly comparable with the
non-manipulated lizards in that season where home ranges
estimates were derived over longer periods.
Results
Factors associated with home range area
Table 1 shows the mean home range area for male and
female sleepy lizards and the percentage of those lizards
infected with H. mariae in each year. The overall average
home range area was 3.4±0.3 ha, and 16 of the 85 lizards
(18.8%) were infected. Home range area was significantly
associated with year of study, lizard body mass, pairing
status and H. mariae infection (Table 2). Lizards that were
infected with H. mariae had smaller home ranges than
uninfected lizards (Fig. 1). Home ranges were smaller in
1999 than in 2000 (Table 1), larger lizards had smaller
home ranges, and paired lizards had smaller home ranges
than unpaired lizards. Lizard sex and tick load had no
influence on home range area. There were no significant
interaction effects, suggesting that the impact of parasites
was consistent across years, across lizard sexes and sizes
and across pairing status classes.
Among the naturally infected lizards from 2000, higher
infection intensity was significantly associated with larger
home range area (r2=0.71, n=10, P=0.002; Fig. 2).
Susceptibility to infection
The uninfected lizards that developed infections after ingest-
ing an infected tick took 4–9 weeks (mean 5.7) from feeding
before infections could be detected in blood smears. Lizards
were considered to be uninfected if infection could not be
detected after 12 weeks. Among the 19 experimental lizards, 9
of 14 males (64.3%) and 1 of 5 females (20.0%) became
infected. This apparently higher susceptibility in males was
not statistically significant (χ2=2.90, df=1, P=0.09) and
would need a larger sample size to confirm the trend.
There was no significant difference in body mass among
those that did or did not become infected (Wald=2.476, df=1,
P=0.116). However, those that became infected after
ingesting an infected tick had a significantly larger mean
home range during the early stages of infection than those
that did not become infected (Wald=11.203, df=1, P=0.001;
Fig. 3). Note that this difference would not have resulted
Table 1 Percentage of radio-tracked male and female lizards infected
with H. mariae and their mean (SE) home range area in 1999 and
2000
Year Sex Number % infected Home range area (ha)
1999 Male 15 13.3 2.7 (0.4)
Female 14 28.6 2.5 (0.4)
2000 Male 29 17.2 4.5 (0.5)
Female 27 18.5 3.2 (0.4)
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from the possible sex bias in susceptibility because male and
female lizards had similar home range areas.
Discussion
The results of our observations show two apparently
contradictory results. First, we showed that lizards that
were naturally infected with H. mariae had smaller home
ranges than lizards without a detectable infection. This
result was consistent across two years, and the same trends
were apparent in both male and female lizards. It conforms
with the prediction that the parasite inhibits lizard activity.
Home range area may be reduced because the infected
lizards move about less or have fewer exploratory ventures
beyond their core area of activity. Alternatively, the blood
parasite may reduce the vigour of the host lizard, such that it is
less able to defend its home range area from neighbours or is
inhibited from venturing into overlapping home range areas.
There is no regular and overt defence of home ranges in sleepy
lizards, and total home ranges overlap extensively (Bull 1994;
Bull and Freake 1999). However, they maintain exclusive
core areas within their home ranges (Kerr and Bull 2006b),
and we have occasional observations of males fighting (Bull
and Pamula 1996; Kerr and Bull 2002). Thus, parasites could
affect social status and hence home range size.
The second and apparently contradictory result was that,
among the home ranges of naturally infected lizards, those
Fig. 1 The influence of H. mariae infection on mean (±SE) home
range area (ha, controlled for body mass and pairing status). The
number of lizards are indicated (1999–2000; see also Table 2)
Fig. 2 The influence of home range area (m2) on H. mariae
infection intensity (number of gamonts per 104 erythrocytes) of
infected sleepy lizards in 2000 (r2=0.71, n=10, P=0.002; arcsine
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
infectionintensity
p ¼ 0:1384þ 1:7 103  ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃhomerangep )
Fig. 3 Home range areas of 19 uninfected sleepy lizards that were fed
with an infected A. limbatum tick in relation to their chance of
becoming infected with H. mariae (Wald=11.203, df=1, P=0.001;
fraction infected=1/(1+e−z); z¼ 0:075ð ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃhomerangep Þ  9:519 ; n=19
lizards)
Table 2 Factors influencing the home range area of lizards (n=85;
1999–2000)
Independent variables Estimate (SE) F df P
Year −56.10 (14.40) 7.635 1 0.007
Pair status 33.57 (14.91) 7.040 1 0.010
Infection 35.58 (14.30) 6.072 1 0.016
Body mass −0.18 (0.07) 6.659 1 0.012
Sex −6.20 (12.34) 0.260 1 0.612
Tick load −0.96 (7.12) 0.018 1 0.893
Variables highlighted in bold were left in the minimal adequate model
after stepwise removal of non-significant variables.
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lizards with higher infection intensity had significantly
larger home ranges than those with lower intensity
infection. In laboratory trials, single infection events of
the kind used in our experimental infections generally lead
to uniform infection intensity profiles (Smallridge 1998;
Smallridge and Bull 1999). The higher infection intensities
observed in early stages of infection decline over time
because the parasite does not reproduce in lizard red blood
cells and because infected red blood cells are gradually
replaced by new uninfected cells (Smallridge 1998; Small-
ridge and Bull 1999). Alternatively, higher infection
intensity might result from multiple infections. We interpret
the observed positive relationship between infection inten-
sity and home range size to mean that lizards with larger
home ranges are more likely to become infected (and thus
might have been infected more often or more recently)
rather than that higher infection levels stimulate lizards to
occupy larger home ranges.
Our experimental results support this interpretation.
Lizards that were initially uninfected were significantly
more likely to become infected after exposure to the
parasite if they had a larger home range. Why would
lizards with larger home ranges become infected more
frequently? One obvious explanation is that, by covering a
greater area, they are more likely to become exposed to the
parasite. The mechanism of transmission is through lizards
ingesting ticks that have fed on a previously infected lizard
(Smallridge and Bull 1999). Thus, to become newly
infected, or for an already infected lizard to become super
infected, a lizard must first enter the home range area of
another lizard that has been infected, and second, must
contact and ingest infected ticks (usually in one of the
overnight refuge sites of the infected lizard). The more a
lizard moves around, the more likely this is to happen.
However, this cannot be the only explanation for the
significant trend for greater infection intensity associated
with larger home ranges for two reasons. First, in the
observed population, we found no association between home
range area and tick load. Second, in the experiment, all
lizards had an equal exposure to the parasite independent of
their activity and home range sizes; in that, they were each
fed a single infected tick. This suggests that lizards with
larger home ranges are more susceptible to infection after
exposure, and that less active lizards have stronger resistance
to infection. The statistically significant trend could be
explained if lizards sacrifice some level of parasite resistance
for increased activity. In this explanation, ingestion of
infected ticks does not always result in infection because
lizards can mount a defence against the parasite, but the
strength of the defence, and thus the probability of infection,
depends on the level of lizard activity.
Studies of birds and mammals have shown that individ-
uals vary in their resistance to infection (e.g. Merino et al.
2000; Ots and Hõrak 1998; Wiehn et al. 1997), and that
males that develop secondary sexual characteristics to
enhance their mating success may, at the same time, reduce
their resistance to infection (e.g. Sheldon and Verhulst
1996; Hillgarth and Wingfield 1997; Wiehn et al. 1997). In
sleepy lizards, individuals with higher activity levels and
larger home ranges may similarly be compromising their
ability to resist infection. Although we did not establish
statistical significance, there was a three times higher
proportional infection of males than females in our
experiment. Bull et al. (1991) and Kerr and Bull (2006a)
have shown that male sleepy lizards are active for longer
each day and on more days than females in the spring
period over which our experiment was conducted, presum-
ably to include mate-searching activity. This is consistent
with our explanation of differential levels of susceptibility
to infection.
In summary, the interaction between the lizards and their
parasites reveals a complex spatial pattern that may result in
some buffering of the infection dynamics. First, lizards that
are more active and have larger home ranges are more
likely both to be exposed to the parasite and to have lower
resistance to parasite infection. Thus, these more active
lizards are more likely to become infected. Then, however,
the longer-term effect of infection is to reduce activity and
home range area, thus potentially reducing the probability
of exposure and re-infection. The results conform with an
emerging trend from other studies for an ecological trade-
off between fitness and defence against pathogens (Sheldon
and Verhulst 1996).
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